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EXECUTIVE SUMMARY
,.

,.

The Department of Defense is concerned with determining if a changeover
from petroleum- to shale oil-derived or other synthetic mobility fuels
would be accompanied by a significantly greater or different
toxicological hazard to military personnel who are exposed to the fuels
in their military occupations. Dermal and inhalation toxicology are
the primary concerns, and tumorigenesis is the main biological endpoint
considered. A set of diesel fuels (DF) representing petroleum, shale
oil, tar sands, and tar sands/petroleum coprocessing technologies were
compared chemically and toxicologically. The comparative
characterization included determinations of physical and chemical
properties, the major organic chemical composition of the liquid fuels
and their inhalable vapors, and the benzene, alkyl benzene, and 4- to
6-ring polycyclic aromatic hydrocarbon dermal tumorigen content of the
liquid fuels. The comparative toxicology consisted of mouse skin-
painting bioassays of the tumor promoting activity and complete
tumorigenicity using the SENCAR mouse strain. The available database
was expanded by a U.S. Department of Energy Office of Fossil Energy
(DOE/FE) sponsored study comparing the toxicity of fuels refined from
coal liquids and petroleum. Many of the same experimental protocols
were used in that study.

The liquid fuels were found to be qualitatively similar in their major
organic chemical composition, and the compositional differences were
mainly quantitative. These differences appeared to be generic between
petroleum- and shale oil-derived DF. The shale oil-derived DF were
lowest in aromatics, followed by the petroleum-derived DF, and finally
the experimental tar sands/petroleum coprocessing DF was the highest in
aromatics content. Similar trends were found for the composition of
the inhalable vapors. All the fuels were found to exhibit tumor

_ promoting and complete tumorigenic activity. There were some
differences in tumor response between male and female mice. The tar
sands/petroleum coprocessing DF was notably high in both tumor
promoting activity and complete tumorigenicity with both sexes. The
complete tumorigenicity of this fuel appeared to correlate with its
relatively high concentrations of PAH which are believed to be
contributed by the petroleum-derived light cycle oil blended into the
fuel. The petroleum-derived DOD Referee DF-2 was close to the tar

* sands/petroleum coprocessing fuel in tumor promoting activity, while
-' the shale oil-derived DF and tar sands-derived railway DF were lowest

in promoting activity with female and male mice (respectively). For
complete tumorigenicity, the petroleum-derived DOD Referee DF-2 and the

Petroleum Reference DF-2 were next in potency with female and male mice
(respectively), and the shale oil-derived DF-2 and tar sands-derived

* railway DF were lowest in complete tumorigenicity with female and male
mice (respectively) The relative order of tumor promoting activity
and complete tumorigenicity was the same for a given sex, suggesting
the importance of promotion to the expression of PAH tumorigenicity.

0%
. .- .
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The results of this study suggest that (with the possible exception of
the experimental tar sands/petroleum coprocessing DF) highly refined,
synthetically-derived mobility fuels will not pose unusual
toxicological risks compared to their petroleum counterparts. Rather,
differences in toxicity are likely to be subtle.
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INTRODUCTION

Mobility fuel availability is critical to the security of the United
States. However, ca. 25 percent of the crude oil needs of the United
States are met by foreign imports which may be depleted early in the
next century and which are highly vulnerable to interruption by
political or armed conflicts. The development of domestic synthetic
and alternate sources of feedstocks and their production into mobility
fuels is of considerable strategic importance.

The U.S. Army has the lead role in the development of the capability to
utilize diesel fuel (DF) derived from synthetic and alternate sources,

j.N while the Navy and Air Force have lead roles in aviation gasoline and
diesel fuel marine. Shale oil is considered as a primary candidate for
the production of DF, and the original plans for the Army were to

- .evaluate the behavior and vehicle performance of a large production run
of shale oil-derived DF at two installations. Unfortunately, the
failure of another Department of Defense contractor to produce
sufficient crude shale oil for refining into DF, plus the current
surplus of crude oil supplies have delayed the accomplishment of this
plan.

Among the primary health-related concerns of the Army are the potential
toxicological hazards to military personnel from the handling and use
of synthetically-derived fuels versus current petroleum-derived fuels.
Mouse skin-painting bioassays (1-3) have demonstrated that crude shale
oil and crude coal liquids are considerably more tumorigenic than0 petroleum crude oils. These synthetic crude oils also are chemically
different from crude petroleum, but compositional differences decrease
with increased refining (4,5). It is not known if the exposure of
military personnel to the vapors and liquids of synthetically-derived
fuels could result in a greater or different type of toxicological
hazard relative to that posed by current petroleum analogs. This
project addressed that question as regards DF. The routes of exposure
considered were inhalation and dermal contact, and the main
toxicological endpoint of concern was tumorigenicity. Although the
primary focus was on DF derived from petroleum and shale oil,
additional synthetic sources of DF, including tar sands and tar
sands/petroleum coprocessing, were included. Phis report describes the

0 comparative characterization of the physical and chemical properties,
and liquid and innalable vapor organic compositions of these fuels, and
of their complete tumorigenicity and tumor promoting activity. The
database has been expanded considerably by a toxicological comparison

- .
" of roal liquids and petroleum-derived fuels sponsored by the U.S.

Department of Energy, Office of Fossil Energy. Many of the
* experimental protocols were the same in both studies.

9
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The results of this comparative chemical and toxicological

characterization of the synthetic- and petroleum-derived fuels are

reported in this document. Related concerns regarding c.1-product use

and military personnel exposure to fuel-related contamination of the

workplace atmosphere are addressed in a companion project, "Field

Sampling and Analysis of Shale Oil Derived Airborne Diesel Exhaust,"

Army Project Order No. 84PP4867. The results of that study are being

reported separately.
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FUEL SOURCES AND COMPARATIVE PROPERTIES

Sources

The fuels chosen for study in this project, their sources, and the
, rationale for their selection are described below. They consisted of

five diesel fuels derived from both petroleum and synthetic origins.

The two petroleum-derived fuels were selected to serve as "benchmarks"
for comparison with the synthetically-derived fuels. These petroleum-

derived fuels represent the diesel fuel compositions to which military
personnel are currently exposed. These fuels are available from

commercial sources. The latter three fuels represent synthetic
*i mobility fuel technologies which might be utilized in a national

emergency to supplement petroleum fuels which are heavily dependent

upon foreign crude oil sources. Only one of these synthetic fuels is

commercially available.

Petroleum-Derived Fuels

Two petroleum-derived fuels were included in the study to serve as
points of comparison with the synthetically-derived fuels. They
consisted of the following:

Phillips Petroleum Reference DF-2: This fuel is a commercially

available petroleum reference DF-2 which is marketed for testing
purposes requiring good lot-to-lot reproducibility in composition and
properties. It is used by the U.S. Environmental Protection Agency
(USEPA) for diesel engine emission certification and mileage testing
(6). This fuel was selected to represent high quality petroleum-
derived diesel fuels. Lot no. C-345 of this fuel was used in earlier
studies of fuel toxicology and chemistry (7-9) for the U.S. Army
Biomedical Research and Development Laboratory (USABRDL).

Two 209 L (55 gallons) drums of lot no. C-747 of this fuel (catalog no.
RF-2844) were purchased from the Phillips Chemical Company (Specialty
Chemicals, Drawer 0, Borger, TX 79007) and were received on 11/3/82.
Two additional drums of the same lot no. were received on 6/10/83.
These four drums were assigned the sample numbers 1910-1913 by the DOE

• Synthetic Fuels Repository at ORNL. They were stored at 30 C in a
secure, temperature-monitored cold storage facility. Sample no. 1910,
which was used for the chemical and toxicological characterization, was

from the first shipment. To promote stability, it was mixed by
rotation for 5 min on a barrel rotator, transferred into a type 314
stainless steel drum, and the drum headspace was briefly flushed with

S argon bpfore sealing. At the time of transfer, aliquots for chemical
and toxicological characterization were taken into amber borosilicate
bottles and the headspace of each bottle was briefly flushed with argon
before the bottles were capped with Teflon-lined screwcaps. These
aliquots were stored at 3'C in a flammables-rated refrigerator.
Properties for lot no. C-747 of Phillips Reference DF-2 are listed in

* Table I.
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DOD Referee Grade DF-2: This high sulfur content petroleum DF-2,
MIL-1-46162B, was included to represent a "worst case" fuel which
barely meets military specifications, such as would be produced during
a national emergency. The USABRDT. Project Offirer arranged through
Mr. Maurice E. Lepera, Chief of the Fuels and Lubricants Division,
Materials, Fuels and Lubricants Laboratory, U.S. Army Belvoir Research
& Development Center, Fort Belvoir, VA, for one 209 L (55 gallons) drum
to be shipped to ORNL from the US Army Tank-Automotive Command,
Warren, MI. One drum labeled as "High Sulfur Fuel, FSN No. 9140-NSR,
Mfg. No. 46H06-3322-0408" was received on 12/13/83. It was assigned
sample no. 1914, and was stored at 31C in the original drum. Aliquots
for study were taken as described above.

The military specifications MIL-F-46162B for this fuel are included in
Table 1.

Additional Petroleum-Derived DF-2: Additional samples of petroleum-
*, derived DF-2 were used in the comparative chemical characterization to

extend the chemical database and allow an assessment of the variability
among a given fuel type. These fuels consisted of no. 9101 Phillips
Chemical Co. Referee DF-2, lot no. C-345 (used in a previous study for

- the USABRDL, references 7 and 8), no. 4616 petroleum diesel fuel marine
(DFM) used in the petroleum- and Paraho shale oil-derived fuels

*toxicology study (10) by the U.S. Navy Toxicology Detachment at
Wright-Patterson Air Force Base (WPAFB), OH, and samples DF-2-1 through
DF-2-3 which were collected at the DIO motor pool, 4/68 Armored motor
pool, and 4th Engineers motor pools (respectively) at Fort Carson, CO
during a diesel engine exhaust workplace air sampling trip in 9/84.

Shale Oil-Derived Fuel

Oil shale and coal are the two main sources available for production of
synthetic fuels. Shale oil is a more desirable synthetic source for
diesel fuel production because it contains a much greater proportion of

• aliphatic compounds than do crude coal-derived liquids. Accordingly, a
shale oil-derived DF was included in this study. Samples of shale oil-
derived DF-2 were obtained from Suntech, Inc., Marcus Hook, PA, through
Mr. Norman R. Sefer, Senior Research Engineer, Southwest Research
Institute, San Antonio, TX. Dr. Ralph D. Fleming of the U.S. DOE
Office of Vehicle and Engine R&D, Conservation and Renewal Energy,

. Office of Fossil Energy, advised us of these fuels and made them
available to us. They are derived from a 1981 in-situ production of
shale oil by Geokinetics at Vernal, UT. The crude shale oil was
subjected to "moderate severity" hydrotreating by Hydrocarbon Research,

*Inc., at the Lawrenceville, NJ facility and was distilled by Suntech at
*! Marcus Hook, PA.

I
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Two 209 L (55 gallons) drums of shale oil-derived DF-2 were received at
ORNL on 3/3/84. One drum of DF contained an antioxidant while the
second lacked this additive. They were assigned sample nos. 4802 and
4801 (respectively). The second drum (no. 4801, DF-2 without
antioxidant), which was used in this study, was received with a tag
labeled "Drum No. P10-848, No. 2 Diesel from Shale Oil, No
Antioxidant". Both fuels were transferred to type 314 strainless steel
drums. Aliquots for study were taken and the fuels were stored as
noted above. Fuel properties are listed in Table 1.

An additional sample of shale oil-derived DFM no. 4610 was included in
the comparative chemical characterization studies. This was the Paraho
shale oil-derived DFM refined by SOHIO (11) for DOD toxicology and
combustion studies. It was included in the comparative petroleum/shale
oil fuels toxicology study (10) conducted at Wright-Patterson Air Force
Base, OH by the U.S. Navy Toxicology Detachment.

N," Tar Sands and Tar Sands/Petroleum Coprocessing-Derived Fuels

Tar sands also are a viable synthetic crude oil source for DF
production. Much progress in producing useful fuels from tar sands is
being made in Canada. The two tar sands-derived fuel- us-d in this
study represent two approaches to the production of DF. One is a 100
percent tar sands-derived fuel which already is at the commercial
stage, while the second is an experimental fuel from the coprocessing
of tar sands and petroleum crude oil.

Suncor Railway DF: This is a commercially available DF which is sold
by Suncor, Inc., Calgary, Alberta, Canada to the Canadian railroads as
a DF. It is derived '12) from Alberta tar sands by hot water
extraction, dilution and filtration, and coking of the bitumen after
removal of the diluent. The liquids from the coking are distilled into
naphtha, kerosene, gas oil, and a gas oil sidestream. The latter is
sold as upgraded DF to railroads. One 209 L (55 gallons) drum of each
product was received on 4/8/85. The railway DF was tagged "Mar 25/85,
95X29766V [this is the ORNL purchase requisition no.], RTS 2181." It

was assigned sample no. 9527 and was stored as described above. Fuel
"quality ranges" data supplied by Suncor, Inc., are listed in Table 1.

1990 DF: This DF is derived from the coprocessing of tar sands crude
oil and petroleum crude oil. This experimental fuel is intended to
represent a "typical" DF from the 1990s when tar sands crude oils are

expected to compose ca. 25 percent of the feedstock of Canadian
petroleum refineries. It is described (13) as being composed of 78 vol
percent of a diesel cut from the refining of a 50/50 mixture of tar
sands synthetic crude oil and conventional Alberta crude oil and 22 vol
percent of hydrotreated cut-cracked cycle oil (petroleum) from another
refinery. Dr. Ralph Fleming of the U.S. DOE obtained this fuel for
us through Dr. Robert B. Whyte, Head of the Fuels and Lubricants
Laboratory, National Research Council of Canada, Ottawa,

15
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Ontario, Canada. One 209 L (55 gallon) drum of the 1990 DF, labeled
"1990 FLO 8224C," was received on 1/14/85. It was assigned sample no.
9523 and was stored as described above. Sample properties are included
in Table 1.

Parallel DOE/FE Study of Coal- and Petroleum-Derived Fuel Oils and
Naphthas

The database available to both the DOD and DOE/FE is expanded
considerably by the use of identical protocols for parts of both
studies, in particular, the mouse skin painting bioassays. In the same
time frame as for the DOD studies, four additional fuels were examined
for the U.S. Department of Energy, Office of Fossil Energy (DOE/FE).
These included two coal-derived fuels and two additional petroleum-
derived fuels. They are described in detail elsewhere (5). A brief

.4 description of these fuels is given below.

H-Coal Home Heating Oil: This fuel was prepared to represent a
coal-derived fuel suitable for home heating purposes such as is no. 2
fuel oil. It was derived from a 40/60 (wt/wt) blend of H-Coal light
and heavy oils from the Catlettsburg, KY pilot plant run no. 8 on
Illinois No. 6 coal in the Synfuel mode. The blending and subsequent

S high severity hydrotreating (3,000 SCF hydrogen/barrel) were performed
by the Chevron Research Company (Richmond, CA). Devolatilization to
meet the ASTM flash point specification for no. 2 fuel oil was
conducted at ORNL. This fuel was assigned sample no. 978.

API No. 2 Fuel Oil: This petroleum-derived fuel (API product
no. 83-02) was supplied by the American Petroleum Institute (API,
Washington, DC). It was selected by the API as a typical no. 2 fuel
oil against which to compare the coal-derived home heating oil.

'F.. Documentation supplied with the fuel by the API describes it as 70
percent straight run middle distillate (straight run diesel [VPS #5
stripper, 82-3808]) plus 30 percent light catalytically cracked
distillate (FC light cycle oil gas oil, 82-3843). It was assigned
sample no. 975.

4. H-Coal Reformed Naphtha: This fuel was prepared from the same H-Coal
light/heavy oil blend as was the H-Coal Home Heating Oil. Chevron
performed a high severity hydrotreatment followed by hydrocracking.

* Universal Oil Products, Inc. (now the Signal Research Center, Inc., Des
Plaines, IL), conducted catalytic reforming to yield a 96 octane
gasoline product. It was assigned sample no. 936.

API Light Catalytically Cracked Naphtha: This petroleum-derived
gasoline product (API product no. 81-04) was supplied by the API as a

• benchmark for comparison with the coal-derived gasoline product. It was
described by the API as being produced by distillation of products from
a catalytic cracking process. It was assigned sample no. 976.

'16
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Comparison of Properties

Comparison of the available property and specification data for the

five fuels listed in Table 1 suggests that the 1990 tar sands/petroleum
coprocessing DF (sample no. 9523) and the Geokinetics/Suntech shale
oil-derived DF (no. 4801) represent opposite extremes bracketing the
properties of the two petroleum- and one tar sands-derived DF. The
experimental 1990 DF is characterized by relatively high density,
viscosity, boiling range, aromatics, and S content, and the lowest

cetane no. and accelerated stability test result. Most of these

factors are interrelated. For example, the extended upper boiling
range and total aromatics content are associated with its much greater
percentages of di- and triaromatics. The very high final boiling point
indicates that this fuel contains a significantly greater proportion of
relatively low volatility matter than the other fuels. This high-
boiling matter includes the four- to six-ring polycyclic aromatic
hydrocarbon (PAH) dermal tumorigens, which also were determined in
these fuels (see later sections of this report). Discussions with
staff of the Canadian National Research Council indicated that the
aromatic compounds were contributed largely by the petroleum-derived
light cycle oil which was blended with the tar sands/petroleum
component.

Several of the properties of the experimental 1990 DF would not meet
the federal specification VV-F800C for DF-2 used in the continental US
(CONUS). These properties include the 90% volume distillation and end
point of the distillation range, accelerated stability test, and total
S content. It is likely that these properties could be improved if the
blending ratio of the light cycle oil is reduced.

In contrast, the shale oil-derived DF (no. 4801) was the least dense,

contained the least aromatics and total S, and was the highest in
saturates, cetane no., and total H. The only federal DF-2

specification it would not meet is the accelerated stability test,
which is intended only for tactical, OCONUS (outside of the
continental US), or long term storage (greater than 6 months)
applications. Otherwise, it appears to be an excellent grade of fuel.

The Phillips Reference DF-2 (no. 1910) also is a high quality fuel
which meets all specifications except for the accelerated stability

test. It is intermediate between the 1990 DF and the shale oil-derived
DF-2 in many of its properties. The minimum-specification DOD Referee
DF-2 (no. 1914) is notably high in total S content.
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TOXICOLOGICAL COMPARISON OF FUELS

The two petroleum- and three synthetically-derived DF were compared for
their tumor promotion and complete tumorigenic activities in a mouse
dermal assay. Previous studies for the DOE/FE suggested (5) that tumor

promotion is important to the complete tumorigenicity of highly refined

fuels derived from coal liquids and petroleum. It was observed in that
study that the complete tumorigenicity of the four fuels (briefly
described in the last section) did not correlate with their contents of
known tumor initiators such as certain four- to six-ring PAH. The two
fuels exhibiting the highest (H-Coal Home Heating Oil, no. 978) and

least (H-Coal Reformed Naphtha, no. 936) tumorigenicity with the C3H
mouse strain were found to contain nearly the same concentrations of
these PAH, which were orders of magnitude greater than in the other two
(petroleum-derived) fuels. The latter exhibited intermediate levels of
tumorigenicity. The hypothesis that tumor promotion is 4mportant to
the complete tumorigenicity of these refined fuels was investigated in
a subsequent study using the C3H and SENCAR strains.

The toxicological comparison of DF for the DOD also utilized the SENCAR
mouse strain because its high sensitivity to tumorigens allows a good
resolution of tumorigenicity in a much shorter time frame than with

less sensitive strains such as the C3H. A single dose level protocol
for comparing tumor promoting activity among the fuels was used to
allow maximum sensitivity and economy. An important feature of this
protocol is that a comparison of the complete tumorigenicity of the
fuels was obtained in the control groups lacking the tumor initiator
dose. Use of the same protocol as for the DOE/FE study and in the same
time frame greatly expanded the database available to each agency.

Toxicology Protocol

The protocol for this study was ORNL Biology Division study plan no.
10-09-85. The same protocol was used for the samples in the DOE/FE
study. Details of the protocol are given below.

Source: The SENCAR mice were obtained from the Oak Ridge Research
Institute (Oak Ridge, TN), and were 8 to 12 weeks of age at the time of

qfirst treatment.

Husbandry: The animals were grouped five to a cage in plastic
"shoe-box" cages. They were fed a commercial laboratory diet (Ralston
Purina Rodent Chow 5001) and tap water (16 ppm chlorine, 2 ppm
fluoride) ad libitum, and were exposed to a daily light/dark cycle of
12 hrs each continuous light and darkness. The rooms were
environmentally controlled to maintain a temperature of 18-260 C and a
humidity of 40-60 percent.

18
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Experimental Groups: At the end of a 4-5 week acclimation period, the

animals were randomly assigned to experimental groups of 25 males and

25 females each. The experimental groups received the following

treatments:

Tumor Promotion Activity-

DMBA then No. 1910

DMBA then No. 1914
DMBA then No. 4801
DMBA then No. 9523

DMBA then No. 9527

Fuel Controls (Complete Tumorgenic Activity)-

Acetone then No. 1910

4. Acetone then No. 1914
Acetone then No. 4801
Acetone then No. 9523

Acetone then No. 9527

Positive Control-

DMBA then TPA

Negative Controls-

DMBA then Acetone

Acetone then TPA

Dose and Application Schedule: The mice were treated with either

200 pL of acetone or acetone containing 2.52 mg of 7,12-dimethylbenz-
Fa]anthracene (DMBA) two days after being shaved with electric
clippers. Seven days later, twice-weekly treatments were begun with
200 ML of the neat fuel (100% concentration), acetone, or acetone

containing 2 mg of 12-O-tetradecanoylphorbol-13-acetate (TPA).

Observations and Termination: Treatments continued for 52 weeks. The
animals were examined weekly for tumors and general health. The number
of tumors was recorded. Those animals surviving for 52 weeks were

-terminated by carbon dioxide inhalation.

4Comparative Toxicology of Diesel Fuels

Figures 1-5 are plots of the cumulative tumor incidence as a function
of treatment time for the tumor promotion and complete tumorigenicity

I
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the tumor promotion and complete tumorigenicity protocols. Detailed
tables of the cumulative tumor incidence on a biweekly basis are
contained in Tables 2 through 5.

Table 3

Comparison of Tumor Latency in the Tumor Promotion Bioassay of DF

Time to First Tumor, TT50,'
Sample Wks Wks

M F M _F

No. 1910 Phillips Reference Df-2 7 8 9 14

No. 1914 DOD Referee DF-2 5 8 9 11

* No. 9523 "1990" DF 6 7 10 12

No. 9527 Suncor Railway DF 6 8 13 14

No. 4801 Geokinetics/Suntech DF-2 6 10 14 34

DMBA + TPA 6 6 8 8

DMBA + Acetone 10 33 27 -

Acetone + TPA 24 11 - 44

No. 978 H-Coal Home Heating Oil 7 12 18 19

No. 975 API No. 2 Fuel Oil 8 8 12 16
0

No. 936 H-Coal Reformed Naphtha 5 10 52 -

No. 976 API Lt. Cat. Cracked Naphtha 11 11 19

8TT50 - time to 50% of the final tumor incidence;

... means indeterminant.
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Tumor Promotion Activity: The tumor promoting activity of the fuels is
compared in Figures 1 and 2 and Tables 2 and 3. All the fuels
exhibited tumor incidences greater than those of the negative controls
(see Figure 3). The male animals tended to exhibit a greater tumor
incidence than did the female animals for most of the DF dosing groups.
By the end of the treatment period (52 weeks), tumor incidence for
nearly all of the DF dosing groups was greater than 90 percent. These
observations confirm the tumor promotion activity detected in a
previous SENCAR mouse study (9) of an earlier production lot of

%Phillips (petroleum) Reference DF-2. That study also noted a greater
!response for the male animals. The cumulative tumor incidence for that

study was 60 percent at 30 weeks versus the 90 percent determined here
for a later production lot. It is not clear if the difference in
activity is a result of the different lots of fuel, the different
sources of the SENCAR mice, or both.

There was a sharp rise in tumor incidence for each of the fuels at ca.
8-10 weeks post initiation. The greatest differences in the cumulative
tumor incidence were observed between ca. 15 and 25 weeks of treatment.
During this period, the no. 9523 1990 DF (tar sands/petroleum) showed
the greatest tumor promoting activity, closely followed by the no. 1914
DOD Referee DF (petroleum)for both the male and female mice. The no.

0 1910 Phillips Reference DF (petroleum) was intermediate in activity in
both sexes. The no. 4801 Geokinetics/Suntech DF (shale oil) was the
least active with the female mice while the no. 9527 Suncor Railway DF
(t-i sands) was least active with the male mice. By 52 weeks of
treatment, tumor incidence was substantial and differences in activity
were not as pronounced. This high tumor incidence reflects, in part,
the high sensitivity of this strain.

The tumorigenic latencies (Table 3) were quite similar for all the DF

when the time to first tumor is considered. This included the most
active DF, the no. 9523 1990 DF derived from tar sands/petroleum
coprocessing. However, the less active tar sands and shale oil-derived
DF exhibited slightly longer latencies as expressed by the time to 50
percent of the final tumor incidence (TT5 0 ). The previous study of an
earlier production lot of Phillips Reference DF-2 remarked (9) on an
unusual difference of 8 to 11 weeks in the tumor latency periods of
the male and female animals, with the males exhibiting a time to first
tumor of 10 weeks, and the fpmales, 22 weeks. The latter is

* considerably greater than that observed in this study, and may be a
result of the stronger tumorigenic response observed here. The results
for the coal-and other petroleum-derived fuels will be discussed in the

npyt qnbsection.

Complete Tumorigenicity: The complete tumorigenicity of the fuels is
* compared in Figures 4 and 5 and Tables 4 and 5. The main observation
-.- is that the no. 9523 1990 DF was considerably more tumorigenic than the

other fuels in the tests with both sexes of mice. This greater
activity appears to be related to its higher concentrations of
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tumorigenic PAH such as benzo[a]pyrene (BaP, see next section). The
complete tumorigenicity of the remaining fuels was much lower, with the
no. 1914 DOD Referee DF next in potency, with the female mice, while

the no. 1914 and the no. 1910 Phillips Reference DF were next in
potency for the male mice. The similarity between the potencies for
the no. 1910 Phillips Reference DF-2 and the no. 9527 Suncor Railway DF
are consistent with earlier findings (14) that distillate fractions of
a tar sands crude oil were approximately as tumorigenic as the
equivalent cuts from a petroleum crude oil. The no. 4801
Geokinetics/Suntech DF was least in potency with the female mice while
the no. 9527 Suncar Railway DF was least potent with the male mice.
The same order of potencies observed in the promotion and complete
tumorigenicity assays ;uggests that tumor promotion may be important to
the complete tumorigenicity of the fuels.

Table 5

Comparison of Tumor Latency in the Complete Tumorigenicity

Bioassay of DF

Sample Time to First Tumor, TT50, a

Wks Wks

M F M F

No. 1910 Phillips Reference DF-2 14 15 43 -

No. 1914 DOD Referee DF-2 11 15 - 40

No. 9523 "1990" DF 10 10 14 17

No. 9527 Suncor Railway DF 19 13

No. 4801 Geokinetics/Suntech DF-2 10 21

No. 978 H-Coal Home Heating Oil 14 31

No. 975 API No. 2 Fuel Oil 4 15

No. 936 H-Coal Reformed Naphtha 16

No. 976 API Lt. Cat. Cracked Naphtha 14 34

3TT50 = time to 50% of final tumor incidence;

means indetermina it.
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The tumor latencies are compared in Table 5. As with the tumor
promotion testing, no large differences were observed in the time to
first tumor.

The previous study (9) applied Phillips DF once per week to the SENCAR
mice for 38 weeks. No tumors were observed, suggesting that the less
frequent application resulted in a dose below a tumorigenic threshold,
and that a longer application period or more frequent dosing would be
required to detect tumors. This observation illustrates the
difficulties in bioassay of highly refined fuels which do not possess
strong biological activities.

S Comparison with Coal- and Other Petroleum-Derived Fuels

Data for tumor promotion testing of an additional petroleum-derived
no. 2 fuel oil and naphtha product and two coal-derived analogs are
shown in Figures 4 and 5. The tumor promoting activity of the no.
975 API no. 2 Fuel Oil (petroleum) was similar to that of the no. 1910
Phillips Reference DF, and is consistent with their very similar
compositions (see next section). The no. 975 API no. 2 Fuel Oil gave

* the highest tumor incidence with the male mice, while the no. 978 H-
Coal Home Heating Oil (coal liquid) showed the highest tumor promoting
activity in the female mice. Both of the naphthas exhibited tumor
promoting activities which were much lower than those of the DF/fuel
oils and their responses were not appreciably different from those of
the negative controls. Tumor latencies (see Table 3) were not
different from those of the DF.

The results for the complete tumorigenicity testing of coal- and
additional petroleum-derived fuels (Figures 8 and 9) show that the
complete tumorigenicity of the no. 975 API no. 2 Fuel Oil is consistent
with that of the petroleum-derived DF. The activity of the no. 978 H-
Coal Home Heating Oil was lower than that of the petroleum derived no.
2 fuel oil and only slightly above that of the naphthas. In a lifetime
study (5) using the C3H strain, the H-Coal Home Heating Oil was the
most tumorigenic of these four fuels. Differences in the responses of
samples between different strains or species of animals is common.
Again, the tumor latencies of these additional fuels (see Table 5) are
not particularly different from those of the DF.

The results of these dermal assays suggest that synthetically-derived
DF-range fuels probably will not exhibit skin tumorigenicity greater
than that of currently available petroleum-derived DF. Rather, the
differences in toxicity are likely to be subtle. This includes fuels
derived from shale oil, coal liquids, and tar sands. A possible

exception is the technology for the tar sands/petroleum coprocessing-
derived DF. The elevated toxicity of this product appears to be

'e. attributable to the petroleum-derived light cycle oil used in blending.
It remains to be demonstrated experimentally that this is indeed the

case, and that decreasing the blend of light cycle oil decreases the
tumorigenicity of that fuel.
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CHEMICAL COMPARISON OF FUELS

A chemical comparison of the fuels and also of their inhalable vapors
was conducted to determine if compositional differences existed between
fuels derived from petroleum and synthetic sources. These data provide
a better definition of the fuels and assist in the interpretation of
the results of the skin painting assays. The data on the inhalable
vapors also might indicate if major differences in inhalation toxicity
would be expected.

Comparison of Maior Organic Compound Composition of Fuel Liquids

The major organic compounds in the fuels were determined to define the
bulk composition of the fuel liquids. Although most of the major
organic compounds are not particularly toxic, the nature of the bulk
liquid could affect the skin absorption and metabolism of more toxic
fuel components. The analysis was by direct, high resolution capillary
column gas chromatography (CC) of a diluted sample of the fuel, as
described in detail elsewhere (15). An HP-5880 GC was equipped with a
60 m x 0.25 mm ID fused silica column coated with a 0.25 am bonded film
of DB-5, a flame ionization detector, splitless injector, and the HP

g Level IV data system (programmable in Basic). A 10 pl volume of fuel
and 202 ug of ll'-binaphthyl internal standard (in 100 yL of methylene
chloride) were diluted to 10 mL with methylene chloride, and 1 pL was

1.

injected in the splitless mode into the CC. The column oven was
temperature programmed from 501C (initial 10 min. isothermal hold) to
250'C at 20C/min. and held at 2501C for 20 min. with a hydrogen carrier
gas flow rate of 1.4 mL/ min. The injector and detector temperatures
were 200'C and 2501C, respectively. Quantitation of known in the fuels
was achieved using the method of internal standards. Selected fuels
were examined under similar chromatographic conditions by gas
chromatography-mass spectroscopy (GC-MS) to confirm the tentative
identifications made by CC.

Figure 10 is a chromatogram of the no. 1910 Phillips (petroleum)
Reference DF-2. The GC-MS identification of the peaks is listed in
Table 6 along with the estimated concentrations. This is a typical
petroleum-derived DF-2. The major organic compounds consist of a
series of n-paraffins ranging from ca. C8 through at least C25. The 2-

* methyl naphthalene, 1-methyl naphthalene, several dimethyl naphthalenes
(including the 1,3-, 1,5-, and 1,4-isomers), pristane, and phytane also
are among the major constituents. Other branched hydrocarbons and
numerous alkylated benzenes, indanes, naphthalenes, tetrahydronaphtha-
lenes, biphenyls/acenaphthalenes, and phenanthrenes comprise the
remainder of the identified constituents which accounted for ca. 46

* percent of the fuel mass. Detailed fractionation studies (8, 16-20)
have established the identification of such compounds in petroleum-
derived DF. The minor constituents are of considerable importance
because the major compositional diffferences among the fuels were in
the concentrations of these constituents.
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Table 6

Identification and Estimation of the Major Organic Compounds in No.
1910 Phillips Reference DF-2

Peak
No.' Tentative Identificationb ConcentrationO,

mg/g

1 n-C9 H20  5.0

2 Hydrocarbon 1.7
3 Hydrocarbon 1.8
4 C3 -Benzene 1.3
5 C3 -Benzene + Hydrocarbon 3.5
6 n-C 1 0 H22  10.6

7 Hydrocarbon, possibly branched C1 1  5.0
8 C3 -Benzene 1.7
9 C4-Cyclohexane 1.1
10 Hydrocarbon + C4-Benzene 1.5
11 C4 -Benzene 0.8
12 n-C1 1 H2 4  16.7
13 C4 -Benzene 1.1
14 C4 -Benzene + Hydrocarbon 1.9
15 Hydrocarbon 1.7
16 Hydrocarbon 1.9
17 Ci-Indane 1.3
18 C4-Benzene 1.4
19 Hydrocarbon 2.8
20 Hydrocarbon, possibly 3-Methyl-C 1 1  1.7
21 Naphthalane 0.9
22 C2 -Indane 0.8
23 n-C 12 H2 6  18.5

24 Hydrocarbon 4.9
25 Hydrocarbon 1.7
26 C2 -Indane + Hydrocarbon 1.5
27 Hydrocarbon 2.1
28 Hydrocarbon, maybe 2-Methyl-C 1 2  2.5
29 C2 -Indane + Hydrocarbon 1.9
30 Hydrocarbon 4.8
31 C5 -Benzene + Unknown 0.5
32 2-Methyl Naphthalene 14.9
33 n-C1 3 H2 8  22.5
34 C3 -Indane 1.1
35 Hydrocarbon <0.5
36 I-Methyl Naphthalene 8.1
37 C2 -Tetrahydronaphthalene 1.5

a Figure 6
bSpecific isomer listed when retention time and mass spectrum agree

with authentic standards. Generic identifications are tentative
and other isomeric assignments are possible.

C Concentration estimates for generically identified species should
be considered semiquantitative (±20% or more).
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Table 6

Identification and Estimation of the Major Organic Compounds in No.
1910 Phillips Reference DF-2

Peak
No.' Tentative Identificationb Concentrationc,

mg/g

38 Hydrocarbon 1.3
39 Hydrocarbon 1.3
40 Hydrocarbon 1.7
41 Hydrocarbon 2.6
42 Hydrocarbon, maybe 3-Methyl-C1 3  1.9
43 Hydrocarbon 5.9
44 Biphenyl 0.7
45 n-C 1 4 H 3 0  24.6
46 C2 -Naphthalene 6.7
47 1,3-Dimethyl Naphthalene 12.8
-48 C2 -Naphthalene 7.6
/49 Hydrocarbon 1

_ 50 1,5-Dimethyl Naphthalene 3.7
51 1,4-Dimethyl Naphthalene 2.1

- - 52 Hydrocarbon 1
53 Hydrocarbon 3.1
54 Hydrocarbon, maybe 2-Methyl-C 14  5.5
55 Hydrocarbon 1.7
56 Hydrocarbon 0.7
57 Hydrocarbon 1.1

. 58 C3 -Naphthalene 1.6
59 C,-Biphenyl 0.8

n-C. 5 H3 2  30 .9
61 C, -Naphthalene 0.4

C3 -Naphthalene 4.5
63 C, -Naphthalene 0.4
64 C3-Naphthalene 1.1

66 C3 -Naphthalene 1.3

67 C3 -Naphthalene 3.6
68 C, -Naphthalene 4.6
69 Hydrocarbon 1.2
70 Hydrocarbon 1.4
71 C3 -Naphthalene 4.9
72 C3 -Naphthalene 4.173 C3 -Naphthalene 2.5
74 C3 -Naphthalene 1

75 Hydrocarbon, maybe 3-Methyl C1 5  2.5
0 76 C3 -Naphthalene I

77 Fluorene 1.3
78 n-C16 H34  28.8
79 C1 -Biphenyl/C I -Acenaphthene + C4 -Naphthalene 2
80 C2 -Biphenyl/C2 -Acenaphthene 1.9
81 C1 -Biphenyl/Cl-Acenaphthene + C4 -Naphthalene 1.0
82 C4 -Naphthalene 0.9

.4.
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Table 6

Identification and Estimation of the Major Organic Compounds in No.
1910 Phillips Reference DF-2

Peak
N No.' Tentative Identificationb Concentration',

mg/g

83 C4 -Naphthalene 1.1

84 C4 -Naphthalene 0.6

85 C2 -Biphenyl/C2 -Acenaphthene 0.7

86 Hydrocarbon 4.9

87 Hydrocarbon + C4 -Naphthalene 2.3

88 Hydrocarbon 2.3

89 Hydrocarbon 1.5

90 C4 -Naphthalene 1.4

91 C4 -Naphthalene 0.9

92 n-C 1 7 H3 6  25.0

93 Pristane 8.0

94 1-Methyl Fluorene + C.-Biphenyl/C 2-Acenaphthene 2.1

95 C1-Fluorene + C2 -Biphenyl/C2 -Acenaphthene 0.7

* 96 C2-Biphenyl/C2 -Acenaphthene 0.8

97 Hydrocarbon + C2 -Biphenyl/C2 -Acenaphthene 1.2

98 Hydrocarbon 0.8

99 Hydrocarbon 1.2

100 Hydrocarbon 0.8

101 C4 -Naphthalene + Hydrocarbon 1.6

102 Hydrocarbon 1.4

103 Phenanthrene 2.3

104 n-C18 H38  20.0

105 Phytane 5.8

106 C3 -Biphenyl/C3 -Acenaphthene 0.5

107 C3 -Biphenyl/C3 -Acenaphthene 0.5

108 Hydrocarbon + C4 -Biphenyl/C4 -Acenaphthene 0.5

109 Hydrocarbon 0.5

110 Hydrocarbon + C4-Biphenyl/C4-Acenaphthene 1.3

ill Hydrocarbon 0.6

- 112 n-C 19 H 40  11.9

113 Ci-Phenanthrene 1.3

* 114 2-Methyl Phenanthrene 1.2

115 C.-Phenanthrene 0.5
116 n-C20 H4 2  5.4
117 n-C 2 1 H4 4  2.2

118 n-C. 2 H4 6  
0.7

119 n-C 2 3 H4 8  0.4

• IS Internal Standard (l,1'-Binaphthyl) o

TOTAL 459.9
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"Figure 11 is a comparison of the chromatograms for the major organic
compounds in the three major DF types examined in this study: the no.

1910 Phillips (petroleum) Reference DF-2 (top), the no. 4801
Geokinetics/Suntech (shale oil) DF-2 (middle), and the no. 9523
Canadian 1990 (tar sands/petroleum) DF (bottom). It is evident that
the three fuels were similar in qualitative composition, but quite
different quantitatively. The shale oil-derived fuel was characterized
by a very low content of diaromatics while the tar sands/petroleum
coprocessing DF was relatively high in diaromatics. This is readily
visualized by comprEing the monoinethyl naphthalenes and n-C1 3H2. (n-
C13 ). The peak for n-C 1 3 is indicated with a dot in Figure 11. The
peaks immediately to the left and right are for 2- and 1-methyl

Snaphthalene, respectively.

The compositional differences suggested in Figure 11 appear to be
generic at least for the petroleum and shale oil-derived DF.
Chromatograms for five other petroleum-derived DF-2 and two other shale
oil-derived DF included in the Appendix show this same generic
difference. Not enough examples of tar sands-derived fuels were

available to determine their common compositional characteristics.
However, conversations with staff of the Canadian National Research
Council indicated that the high concentrations of the polycyclic
aromatics in the 1990 DF were contributed mainly by the petroleum-
derived light cycle oil used in blending, and not the tar sands
component. It is probable that reduction of the blending volume of the
former or use of a hydrotreated petroleum stream would significantly
decrease the aromatics (especially PAH) content.

The major organic compounds quantitatively determined in the DF are
.. listed in Table 7. The data for these five DF plus those for seven

additional DF obtained from the Phillips Chemical Co., Fort Carson,
WPAFB, and SOHIO confirm these generic compositional differences noted
above in the comparison of the gas chromatograms. The precision of the
quantitative determinations was estimated to be ca. + 2 to 7 percent.
'Whereas the petroleum- and shale oil-derived DF exhibited very similar
concentrations of the n-paraffins and alkyl benzenes (see below), the
concentrations of the higher alkylated (> = C3) benzenes, the mono- and
dimethyl naphthalenes, and the phenanthrenes was much higher in the
petroleum-derived DF. In contrast, the 1990 DF derived from tar
sands/petroleum coprocessing was distinctly different from either the
petroleum- or shale oil-derived DF. It was characterized by a
relatively high ratio of aromatics to aliphatics, and a low ratio of
pristane and phytane to n-C17  and n-C respectively. The n-
paraffins in the midrange (ie., CI0 - C19 ) are ca. 30-50 percent as
concentrated as those in the petroleum- and shale oil-derived DF, while
he alkyl naphthalene concentrations are very similar to those of the

0 petroleum fuels. However, n-paraffins above C17 and below CI0 are more
concentrated than in the petroleum or shale oil fuels. The tar sands-
derived railway DF also exhibits an overall lower concentration of
paraffins, but it lacks the aromatics content of the petroleum- and tar
sands/petroleum coprocessing-derived DF.
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The benzene and alkyl benzene content of the fuels was compared also
because of their known toxicity (21). For this measurement, a 200 AL
aliquot of DF and 1.62 Ag of tetrachloroethylene internal standard were
diluted to 10 mL with diethyl ether. The same GC as for the major
organic compounds was used for the benzene and alkyl benzenes
measurements, but the temperature program was changed to 201C (15 min.
isothermal hold) to 750C at 1C/min. and then to 250*C at 20IC/min.
The injector and detector were maintained at 150'C and 2500 C,
respectively. The procedure is described in more detail in reference
(15). The identifications were confirmed by GC-MS under similar
chromatographic conditions. Data for five of the fuels are presented

4 in Table 8. With the exception of the toluene in the Geokinetics/-
V, Suntech DF-2, the concentrations of these compounds in the petroleum-

and shale oil-derived DF were quite similar. This observation suggests
that similar concentrations of these compounds (except for toluene)
would be found in the inhalable volatiles from these fuels. The data
for the no. 975 API No. 2 Fuel Oil were consistent with those for the
petroleum DF, as expected from their common petroleum sources and
similar boiling ranges. However, the coal-derived no. 978 H-Coal Home
Heating Oil contained much higher concentrations of benzene and alkyl
derivatives, reflecting the more aromatic nature of the coal liquids
versus crude petroleum. This suggests that the inhalable volatiles

* from the coal liquids-derived product may contain greater
concentrations of aromatics.

A comparison of selected 4- to 6-ring PAH dermal tumorigens was
.%% conducted to provide data on these potent tumor initiators and complete

carcinogens which would aid in interpretation of the skin painting
bioasssay results. The known (22) contribution of fuel PAH to diesel
engine exhaust PAH was another important reason for this comparison.
Two analytical procedures were used. A sequential high performance

'. liquid chromatography (HPLC) procedure (23) consisting of a
semipreparative scale, normal phase HPLC fractionation followed by an
analytical scale reverse phase HPLC with fluorescence detection was
applied to the determination of benzo[a]pyrene (BaP) in all the fuels.
The fuel, spiked with carbon-14 labeled BaP, was fractionated on a 25
cm x 10 mm ID Partisil PAC-10 column using an eluent (2 mL/min.) of
methylene chloride/hexane (1/9, vol./vol. for 30 min.) followed by
column washes with neat methylene chloride (30 min.),
acetonitrile/methylene chloride (66/33, vol./vol., for 30 min.),

* methylene chloride (30 min.) and methylene chloride/hexane (1/9,
vol./vol., for 30 min.). The BaP-enriched fraction was analyzed on an

- "..8 cm x 6.4 mm ID Golden Series octadecylsilane column using an
acetonitrile/water (75/75, vol./vol. at 2.2 mL/min.) mobile phase and
fluorescence detection with 360 rim excitation and 425 nm emission
wavelengths. Quantitation was by the method of external standards.
The recovery of BaP was determined by liquid scintillation counting the
added carbon-14 labeled BaP. A separate procedure (24) involving
semipreparative scale, normal phase HPLC followed by GC-MS with
selected ion monitoring was used for a more comprehensive analysis of
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certain 4- to 6-ring PAH in the five main fuels. The isolation of the
PAH-enriched fraction was similar to that described above for BaP,
except that a 25 cm x 9.4 mm ID cyano-substituted silane stationary
phase and hexane (16 min.) and methylene chloride/hexane (15/25
vol./vol., for 36 min.), and methylene chloride/hexane (40/60
vol./vol., 20 min.), followed by pure methylene chloride (30 min.)
mobile phases were used at 2.25 mL/min. in the normal phase HPLC. The
fraction eluting between 26 min. and 66 min. was collected. CC-MS
employed a 30 m x 0.25 mm ID x 0.25 um film of DB-5, temperature
programmed from 1500 (3 min. isothermal hold) to 2901C at 2°C/min. with
a helium carrier gas flow rate of ca. I mL/min. Quantitation was by
the method of internal standards using perdeuterochrysene and
perdeutero BaP which were added to the fuels prior to fractionation.

Results for the PAH determinations are presented in Tables 9 and 10.
Considering the sub-pg/g concentrations of BaP in the fuels, the

agreement between the two methods is quite reasonable. Considerable
variation was observed in the BaP concentrations among the petroleum
fuels. The DOD Referee DF-2 and the DF-2-1 petroleum DF-2 collected

v, from the Fort Carson DIO were high, with BaP in the latter approaching
1 ug/g. The BaP content of petroleum-derived DF has been reported
(25,26) to range from < 0.001 to 0.42 pg/g. The petroleum-, tar
sands-, and shale oil-derived fuels were lower than the tar
sands/petroleum coprocessing 1990 DF and the H-Coal Home Heating Oil
and Reformed Naphtha in BaP content. In particular, the 4.2 pg/g of
BaP for the 1990 DF was very high for DF. As noted above, this PAH
content appears to be contributed by the petroleum light cycle oil used
in blending.

The data for the 4- to 6-ring PAH show that the DF high in BaP also are
high in other tumorigenic PAH. The DOD Referee DF-2 contained somewhat
higher levels of these PAN than did the Phillips Reference DF-2, which
was more like the Geokinetics/Suntech and Suncor DF in PAH content.
The 1990 DF was the most enriched in these PAH. The latter would be
expected to exhibit greater tumorigenicity on this basis. It also
would be expected (22) to contribute to higher levels of PAH in diesel
engine exhaust, and on that basis, the exhaust could exhibit a greater
inhalation hazard.

Comparison of Fuel Composition and Tumorigenicity

A comparison of selected bulk fuel liquid compositional data with the
dermal tumorigenicity data is shown in Table 11. The comparison
includes the ratio of the aromatics to saturates from the CC
determination of major organics (from Table 7), the ratio of 2-methyl
naphthalene to n-C13 (also from Table 7), the total volume percent of
aromatics as determined by the fluorescent indicator assay (Table 11),
the BaP (Table 9), and the sum of the 5- and 6-ring PAH dermal
tumorigens (Table 10) versus the cumulative tumor incidence at 26 and
52 weeks in the tumor promotion and complete tumorigenicity protocols
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Table 9

HPLC Determination of BaP Content of Fuels

Sample No. Description Concentration, ug/g

--- Shale Oil-Derived---

4610 Paraho/SOHIO DFM 0.03 + 0.005

4801 Geokinetics/Suntech Df-2 0.09 + 0.013

---Petroleum-Derived---

9101 Phillips Reference DF-2, Lot C-345 0.08 + 0.04

1910 Phillips Reference DF-2, Lot C-747 0.05

1914 DOD Referee DF-2 0.19 + 0.01

DF-2-1 Ft. Carson DIO DF-2 0.84 + 0.10

975 API No. 2 Fuel Oil 0.04

976 API Lt. Cat. Cr. Naphtha <0.002

--- Coal Liquids-Derived---

978 H-Coal Home Heating Oil 0.8

936 H-Coal Reformed Naphtha 1.4

---Tar Sands-Derived---

9527 Suncor Railway DF 0.10 + 0.02

--- Tar Sands/Petroleum Co-Processing---

9523 Canadian 1990 DF 4.2 + 0.1
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(Table 4). The most important observation from these data is that the

complete tumorigenicity generally parallels the BaP and PAH
concentration, except for the H-Coal-derived fuels. The highest
concentrations of BaP and total 5- and 6-ring PAH dermal tumorigens
were found in the two H-Coal-derived fuels. These were orders of
magnitude higher than in all the other fuels, except for the No.
9523 1990 DF. In contrast to this high PAH content, the H-Coal-

derived fuels (and particularly the No. 936 Reformed Naphtha) exhibited
relatively low complete tumorigenicity and tumor promotion activity.
On the other hand, the No. 9523 1990 DF exhibited relatively high
activity in both the complete tumorigenicity and tumor promotion
assays. The remaining fuels had low PAH content, intermediate tumor
promoting activity, and intermediate complete tumorigenicity. These
results suggest that the dermal tumorigen PAH are major contributors to
the complete tumorigenicity of these fuels, but tumor promotion also is

important to the expression of PAH tumorigenicity. Low tumor promoting
activiity apparently can offset the expected effects of relatively high
PAH content, as for the H-Coal fuels. This is one possible explanation
for the imperfect agreement between the BaP concentration (a popular

"indicator" of potential tumorigenicity) and the complete
tumorigenicity of the fuels.

Comparison of Inhalable Volatiles from Fuels

The overall amounts and composition of the inhalable volatiles from the
fuels were compared to determine if differences existed which could
affect their relative inhalation toxicity to personnel exposed to fuel
vapors. The total volatiles were estimated by a gravimetric procedure
consisting of allowing ca. 2 mL of fuel to evaporate from an open-
topped 24 mL vial which was thermostatted at 25°C in a water bath. As
shown in Figure 8, fuel weight loss was most rapid during the first

% 75 hrs, and slowly reached ca. 10 percent for the Phillips Reference
* DF-2 over a period of ca. 900 hrs. A period of 75 hrs was chosen as a

practical point of comparison. The data in Table 12 indicate that ca.
2 wt. percent of the fuels was evaporated during this period, and that
there were no large differences among the DF tested. The volatile
matter in the Paraho/SOHIO DFM was in the lowest concentration, while
that in the Ft. Carson DF-2 from the DIO was the greatest, but
differences were less than a factor of two from the other fuels.

For a more detailed chemical comparison of the inhalable fuel vapors,
saturated headspace volatiles accumulating over the liquid fuels inside
a closed container were analyzed using capillary column GC, as

described elsewhere (15). The saturated vapor represents the air
contamination which might be encountered immediately around a fuel
s pill or from a fuel tank vent or other source of fresh fuel at ca
25'C. Two mL of DF were pipetted into a 24 mL vial, which was sealed
with a septum-cap and placed in a water bath thermostatted at 25'C.
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Table 12

Comparison of Inhalable Volatile Matter in Fuels

* Sample No. Fuel Volatile Matter', wt.%

q. - - -Petroleum-Derived- - -

1910 Phillips Reference DF-2 2.3

1910 DOD Referee DF-2 2.0

DF-2-1 Ft. Carson DIO DF-2 3.5

4616 WPAFB DFM 2.2
V.

---Shale Oil-Derived-- -

4801 Geokinetics/Suntech DF-2 2.9

" 4610 Paraho/SOHIO DFM 1.5

aEstimated from weight loss of fuel in open container at 25°C for

75 hours.

After a 1.5 hr equilibration period, a 0.5 mL aliquot of headspace
* vapor was withdrawn by syringe and injected via a no. 3352 Carle valve

into a Perkin-Elmer Sigma II GC equipped with a 60 m x 0.32 mm ID x
-. I Aim film DB-l bonded phase fused silica column, a column effluent

spLitter, a flame ionization detector (FID), and a flame photometric
detector (FPD) (sulfur _.ode), and an HP-3390A recording integrator.
The FID/FPD split was 60/40 (vol./vol.). The injected vapors were
cryogenically focused at the head of the column and were separated by
temperature programming from 25°C (hold isothermally 10 min) to

• 2000C at 2°C/min. The helium carrier gas flow rate was 1.5 mL/min.
The inlet and detectors were maintained at 50'C ..d 250%C,
respectively. Quantitation was achieved by the method of external
standards using authentic standards prepared in solution and directly
injected onto the column via syringe.
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Figure 13 compares the capillary column CC resolution of the major
organic compounds in the inhalable volatile's of three DF. Only the FID
chromatogram is shown. No compounds were detected with the FPD, which
was not operating at optimum sensitivity during this work. Therefore,
the FPD chromatograms are not shown. Chromatograms for additional
fuels are included in the Appendix. All the fuel vapors were found to
contain aliphatic hydrocarbons ranging from C4 through at least C1 0 and
alkylated aromatics. These compounds represent the most volatile
portion of the DF. Compositional differences were noted among the
vapors of the fuels. The vapors of the petroleum-derived DF were
somewhat more complex than those of the shale oil-derived DF,
particularly in the C4 and C5 region. These differences most likely
correspond to a greater content of branched and partially unsaturated
hydrocarbons in the petroleum DF-2. The tar sands/petroleum
coprocessing DF was similar in its simplicity to the shale-oil-derived
DF in the C4-C 6 region, but showed a complexity more like that of the
petroleum-derived DF-2 above C6 .

Quantitatively, the concentrations of most major organic compounds in
the vapors (Table 13) were similar for the fuels and were in agreement
with the relative results for the total volatiles (Table 12). The
vapors from the Ft. Carson DF-2 from the DIO exhibited the highest

* concentrations, while the lowest were found in the vapors from the
shale oil-derived DF. In these saturated headspace vapors,
concentrations of individual constituents ranged from ca. 6 to nearly
1,000 mg/m?. The 2-methylbutane was noticeably lower in the vapors of
the shale oil fuels. The toluene was very concentrated in the
Geokinetics/Suntech DF-2 vapors, which probably reflects the higher
content of toluene in the liquid fuel itself (Table 8). These results

. suggest that differences in the inhalation toxicity among these fuels
are likely not to be great, but rather more subtle in nature.

The composition of the vapors from a fuel spill or other source is
expected to differ as a function of the temperature of the fuel,
because the vapor pressures of the individual compounds in the fuel are
temperature-dependent. The vapor composition also is time-dependent
because the composition of the liquid fuel will change as the more
volatile components are lost by evaporation, the mole fractions of the
remaining compounds are changed, and as a result, their partial vapor
pressures change (Raoult's law). The influence of fuel temperature is

0 demonstrated by the chromatograms of the fuel vapors shown in Figure
14. Samples of the headspace vapors over sealed vials of no. 1910
Phillips Reference DF-2 were taken at temperatures ranging from 25'C to
65'C and were analyzed by CC as described above. The concentrations of
all components increased considerably as the fuel temperature was
increased, but the increases were not the same for each component. For

* example, benzene increased from 16 Mg/L at 25°C to ca. 62 pg/L at 65°C
(ca. 4-fold increase), while toluene increased from 35 to 240 ig/L (ca.
7-fold), and n-decane rose from 53 to 890 gg/L (ca. 17-fold). The
etfects of temperature on vapor composition probably are not
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quantitatively predictable from the vapor pressure curves of the pure
liquids because the relatively high concentrations and large numbers of
components do not constitute a system from which ideal behavior can be
expected.

As the more volatile compounds in a liquid fuel spill are depleted by
evaporation, the composition of the vapor also changes. These changes
are illustrated by the chromatograms in Figure 15, which are from the
CC analyses of the fuel vapors taken above a sample of no. 1910
Phillips Reference DF-2 at intervals over 73 hours at room temperature
(26-271C). The chromatograms show that the more volatile compounds
show considerable depletion even within one hr of evaporation. The C4
and C5 hydrocarbons are greatly depleted within one hr and are absent
from the vapors by four hrs. By 73 hrs only compounds with boiling

K' points equal to or greater than that of n-nonane (151 0 C) remain in the
vapors. The concentrations of the compounds in the vapors from an
actual fuel spill or other source would depend upon a variety of
factors which are beyond the scope of this investigation. They would
include factors such as the volume of fuel spilled, the rate of
leakage, the temperature and ventillation rate, and the porosity of the
medium receiving the spill.
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CONCLUSIONS

The major conclusions from this work are as follows:

(a) The skin-painting bioassay of highly refined fuels requires long-

term (52 weeks to lifetime) applications of neat (100 percent
concentration) fuel to the experimental animal in order to achieve
measurable responses.

(b) DF derived from petroleum, shale oil, tar sands, tar
sands/petroleum co-processing, and coal liquids exhibit both
promoting activity and complete tumorigenicity. Promoting
activity appears important to the expression of the complete
tumorigenicity in such highly refined fuels.

(c) With the exception of the experimental tar sands/petroleum
coprocessing 1990 DF, the complete tumorigenicities of the
alternate or synthetic fuels are similar to or less than those of
the analogous petroleum fuels. The high tumorigenicity of the tar
sands/petroleum coprocessing DF appears to result, at least in
part, from its high concentrations of PAH dermal tumorigens. The
PAH content may be reduced by decreasing the blending ratio of
petroleum-derived light cycle oil.

(d) Compositional differences among the bulk liquid fuels and also
among their inhalable vapors are mainly quantitative.

(e) Finished, highly refined DF from alternate or synthetic fuels
technologies are not likely, with the possible exception of tar
sands/petroleum coprocessing, to present a significantly greater
toxicological hazard to military personnel than current petroleum-
derived DF. Rather, differences in toxicity are likely to be
subtle.
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APPENDIX: FUEL TOXICOLOGY PROTOCOL REVIEW

Introduction

The USABRDL is concerned with determining potential toxicological
consequences of a changeover of military mobility fuel sources from
petroleum to synthetic or alternate. Shale oil, followed by tar sands,
is currently considered as a prime candidate as an alternate fuel
source. The experimental protocol or protocols which would be best
utilized in the comparative toxicity testing of crude and refined
mobility fuels derived from petroleum and synthetic or alternate
sources are at present not clear. A variety of combinations of animal
models, dosing protocols, and other variables have been reported in the
literature, and many combinations are possible.

It is the purpose of this review to aid the USABRDL in designing future
toxicological tests of mobility fuels. The experimental protocols used
in previous studies of crude, upgraded, and refined fuels from natural
and synthetic sources are presented, and brief summaries are made of
pertinent experimental observations. Part I concerns dermal
tumorigenicity studies conducted at ORNL. Part II presents 15

. representative experimental protocols conducted at outside
Laboratories.

I. Dermal Tumorigenicity Studies at ORNL

U Tables A-l and A-2 present details of experimental protocols and a
summary of the percentages of mice developing tumors in dermal
tumorigenicity studies conducted at ORNL and one outside lab. Included
iS protocol no. 5, from studies at Los Alamos National Laboratory,
because of the same samples and a very similar protocol to those used
at ORNL.

Crude and Upgraded Petroleum and Synthetic Fuels:

Table A-1 presents the experimental protocols used for crude and
upgraded petroleum and petroleum substitutes, arranged by study set.

S Except for protocol no. 8, these are protocols for complete
tumorigenicity testing. Protocol no. 8 is a test of tumor initiating
activity, in that the sample was applied as an initiator for an

V extended period of time, followed by a rest, and then a series of doses
of tetradecanoyl phorbol acetate (TPA), a classical tumor promoter. In

% contrast, for complete tumorigenicity testing, only the sample is
* ,applied. It acts as both initiator and promoter.

Strain: In these protocols, the C3Hf/Bd strain of mice has been used
almost exclusively and a considerable body of data has been generated.
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Dose groups consist of 10 to 25 male and female mice per group, except
for protocol no. 8, where a random group of 20 mice (including both
sexes) was used per dose level.

Dosin : In all cases a sample volume of 50 pL was applied to the
shaved dorsal skin (shaved two days before initiation and ca. weekly
thereafter) of the animals three times a week. A comparison with
twice-weekly dosing was reported in references (A2), (A7), and (AlO).
Samples were applied to groups of mice in doses generally varying by
serial factors of two (e.g., 100%, 50%, 25%, 12.5%, and 6.25%). In
some protocols, (e.g., no. 7) four dose groups were used. This allows
a wide dosage range to be studied. In other protocols, (e.g., no. 8 or
4) only one dose level was applied. Although this protocol does not
provide a dose-response evaluation, it does allow a more economical
comparison of samples and provides valuable input for the design of
more definitive bioassay protocols.

Acetone, acetone/cyclohexane (3/7 or 7/3, v/v), or cyclohexane alone
have been used as solvents. Of these solvents, acetone has been used
most frequently in recent studies. It causes minimum skin irritation
and has no detectable tumorigenic response. Dilutions with cyclohexane
have been used to improve solubility characteristics for some samples.

I

Duration: The duration of these studies ranged from 32 weeks to
lifetime. The latter depends upon the lifetime of the particular
strain of animals used and their response to the test agents.
Generally, ca. 24 months (ca. 104 weeks) would be typical for a
lifetime study with C3H mice if the test agent is not strongly
tumorigenic or toxic. For some highly refined samples (see following
discussion), 28 or 30 months may be required before all animals have
expired or developed tumors.

Results: A brief summary of the observations from the studies listed
in Table A-1 follows:

(1) Comparing crude (unrefined) materials from different sources, it
is confirmed that dermal tumorigenicity decreases in the general
order coal > shale > petroleum.

(2) Even "lo.' severity" catalytic hydrotreatment ("HDT/L", generally
* corresponding to a 50% reduction in the total nitrogen content of

the sample) drastically reduces the tumorigenicity of coal liquids
to levels comparable to that of crude petroleum.

(3) The tumorigenicity of shale oil is reduced, but not eliminated by
hydrotreatment.

(4) The tumorigenicity of crude coal liquids is contributed mainly by
the polycyclic aromatic hydrocarbon subfraction of the neutral
chemical fraction.

69

-A



4

Finished Petroleum and Synthetic Fuel Products:

Protocols and observations for dermal tumorigenicity studies of refined
fuels are displayed in Table A-2. The refined fuels include reformed
naphthas, jet and diesel fuels, and home heating oil/no. 2 fuel oils,
which are arranged by source in the table. Note that the comparative
studies (indicated by the common reference or protocol numbers) cut

*, across the sample source groups in Table A-2 and also across the crude
and upgraded samples in Table A-l. Except for protocol no. 10
(comparison of promoting activity), these are tests of complete
tumorigenicity. The promoting activity protocol differs from complete
tumorigenicity testing mainly in that a single dose of an initiating
agent (typically, 7,12-dimethylbenz[alanthracene) is applied to the
animals prior to repeated doses of the sample.

Strain: As with the crude and upgraded samples, the C3H/Bd strain has
been used most often. For two protocols, the SENCAR ("SENsitive to
CARcinogenicity") strain was used. This latter strain is being used
currently in tumor promotion studies comparing diesel fuels derived
from shale oil, petroleum, tar sands, and tar sands/petroleum co-
processing for USABRDL. The same protocol is employed in DOE/Office of
Fossil Energy-sponsored tumor promotion studies of naphthas and home
heating oils/no. 2 fuel oils derived from coal liquids and petroleum.
Each dose group consisted of equal numbers (15 to 25) of mice from both
sexes, for a total of 30 to 50 mice per group.

Dosing: All C3H/Bd mice were dosed three times per week with 50 pL of
sample. References (A2) and (A7) also describe a protocol with two
doses applied per week. However, the SENCAR mice were dosed with 200
pL once per week in the complete tumorigenesis protocol and twice per
week following a single tumor initiator dose of 2.52 ag of 7,12-
dimethylbenz(a)anthracene in the tumor promotion protocol. The SENCAR
mouse is larger than the C3H/Bd mouse, and a larger volume of sample
can be applied. The larger dose with the SENCAR mice also does not
require that the mice be shaved, whereas the C3H must be shaved ca.
weekly during the experiment. However, both strains are shaved two
days before initiation. The doses for the C3Hf/Bd mice consist of neat
(100%) sample and 50% and 25% dilutions in acetone or cyclohexane,
while in the SENCAR scrain, doses of neat (100%), 10%, and 1% (both of

*, the latter in acetone) were used.

Duration: The complete carcinogenicity studies with the C3Hf/Bd mice
were carried out for periods of 40 weeks to lifetime. With highly
refined fuels such as the no. 936 H-Coal Reformed Naphtha,
tumorigenicity is at or below the limit of detection of the protocol,

I.
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and a few animals may survive through 28 or 29 months. A routine

protocol of 38 weeks was used for the complete carcinogenicity and
tumor promotion assays involving the SENCAR strain. This time duration
can be extended. The protocol for current USABRDL and DOE/FE-sponsored
tumor promotion studies of refined fuels is scheduled for 52 weeks with
the SENCAR strain.

Results: A summary of the observations made in the studies listed in
Tables A-1 and A-2 is as follows:

(1) The extensive upgrading and refining conducted upon the fuels
greatly decreases, and in some cases almost eliminates, the

4. tumorigenicity which was exhibited by the crude fuels.

* (2) Small differences in complete tumorigenicity are observed between
fuel products, i.e., the shale jet fuels appear slightly more
tumorigenic than the shale diesel fuel, and the coal or petroleum
home heating oils/no. 2 fuel oils are at least as tumorigenic or

I more tumorigenic than the reformed naphthas.

1 (3) Small differences in complete tumorigenicity are observed between
fuels derived from different sources. The coal-derived home

* heating oil is more potent than is the petroleum no. 2 fuel oil,
and the shale-derived jet fuels are slightly more tumorigenic than
are the petroleum-derived jet fuels.

(4) Tumor promoting activity was found in a petroleum-derived no. 2
diesel fuel.

Comments

The dermal tumorigenicity studies at ORNL which would be of the most
interest to USABRDL are mainly those for the refined fuels. The
results suggest that complete tumorigenicity studies should be
conducted on a lifetime duration in order to have sufficient
sensitivity and discrimination power to detect and resolve the small

differences expected in the low tumorigenicity of highly refined
mobility fuels. Either the C3H or SENCAR strain would be applicable;
however, the greater sensitivity to carcinogenesis of the latter

* suggests it would be advantageous. The results of this study,
described elsewhere in this report, indicate that tumor promoting
activit3 also is important to the tumorigenicity of diesel fuels. The
SENCAR strain is highly useful for promotion assays.

N"
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~II. Representative Protocols Reported in the Literature
for Mouse Dermal Tumorigenicity Assays

In the last sixty years, a large number of experimental protocols for
mouse dermal tumorigenicity assays has been reported. The fifteen

protocols presented in Table A-3 have been taken from the literature
and are representative protocols in terms of their historical

V backgrounds or their features. The names assigned to these protocols
are directly derived from the laboratories or agencies which carried

- out the experiments. Those agencies are: Oak Ridge National
Laboratory (ORNL), Pacific Northwest Laboratory (PNL), Los Alamos

National (Scientific) Laboratory (LANL), Argonne National Laboratory
(ANL), Laboratories of the British Manchester Committee on Cancer,
Institute of Experimental and Clinical Medicine (Tallinn, Estonia,
S.S.R.), Kettering Laboratory (University of Cincinnati), Carnegie-
Mellon, Exxon, and International Research and Development Corporation
(Mattawan, MI). Protocols Nos. 16-19 have more than one agency name
listed. The names of these protocols are arranged such that the first
name assigned to the protocol is that laboratory which actually carried
out the experimental work.

The most important and useful information describing the tumorigenicity
* of test materials is the complete tumorigenicity data. Thus, major

protocols No. 9 to No. 21 discussed in this study are complete
tumorigenicity protocols. In these protocols only the test material
(neat or diluted) is applied to the animals. It acts as both initiator
and promoter. Protocol No. 22 is a tumor promotion protocol, in which

. the animals are initiated with a single dose of 7,12-

dimethylbenz(a)anthracene (DMBA) two days after shaving. Seven days
later, the neat test materials are applied twice a week for 52 weeks.
Protocol No. 23 is a protocol for tumor initiation; in that test,
material (diluted with acetone) is applied as an initiator. Two weeks
later, phorbol myristate acetate (PMA or TPA) is applied to the
initiated area twice weekly for a period of six months. The advantage
of using the tumor initiation test is that it reduces the test duration
time and in most cases the assay still generates sufficient information
for predicting the complete tumorigenicity of those test materials.
Similarly, in a short test time (38 weeks or one year), a tumor
promotion assay is able to reveal the potential complete tumorigenicity
of a test material which contains only a trace amount of tumor

0 initiators.

In the following, animal models, dosing protocols, and other variables
of those protocols are described and evaluated.

"'."Strain: In these thirteen complete tumorigenicity protocols (No. 9 to

0 No. 21), the C3H strain (including C3Hf/Bd, C3H/Bd, C3Hf/He, and
C3H/HeJ) of mice has been used the most often, and a considerable body
of data has been generated and reported. Other strains such as white
mice, SKH, and CD-I were utilized in some studies. The SENCAR

72

...



I 40~ 1"W N0 t -Wll 0-:3 0

-2 n4 - 0 a t5..

0 *4 0 0 4 0

0 - -C -C . -C 4

9 : 1 c tM.1

444m N* 0 a04 v0 00 o 0 nI,~~~ CLN- .. 0 0 - 0

XCI .44 00 0 0 ON 0 00 WO

.449

.73

4,.e



- .4 .. .4. .4 0

84. . ..

* 4
! ,

* * *

* 4

4 4I 44 44 4

*

*4 *** * 4-*
CNC C 0 0

- :j S S ~ ~ -

4.4 * * * 4- U ' r

.444 .. 44 ... 4
* *

4 - 4 .



- 4 - - 4 - - 4 - 4

- 4 .4 .4 - 4 - - - 4 - .4
- ~4 - - ~4 - - ~4 - -

- ~ :~ . .
* ~' :0 - 4 4

*~4 444 4

.44 4 4 4
* 4 4 4

"~ : ~* 4
.44 1 * 4 4 4
04 0~ 4 4

* *0 444 4 4 4

* ~: 3 3 :. . 4 4

* 8 .44 * . 4 4

- a: ~ ~ 4 4

* 4 4 4 4

44 4 4 4 4

'4 4 4 4 4

o 4 4

8 4 4 4

4 :: : : :: :

5 4 4.4 .4.4.44

8
0 4 4

1 4 4 4

44 4 4 4 4 .4 .4
p

4 4

4
! .4 40 4 4.4 .4* :u - ' .4
444 4. 4 4 40 0

4 4.4 0 4 4 .4 .4

1 4 4 0 5 4 4 0 0: v u ~
44 404 44 3 4 44 0* L 1a 4

A: :~ I ~ :~
A 3

4 0 4.4 44 - .04 .* 0 4~ I~1 ~
U 4. 4 44 44 44 .4 ~- 4 40 0 0 4 4

.~ o ~ 40
.4 ..4

4., 0 0 0 * :~
44 44 4 0 0 0 4 44 44 4

44 4 4

444.
04 4 4

.4 4404 0 4 0 4 0 4
* 44.4. '9 : . 4
0 0 4 .44 4
- .404 0 0 4 0 4 4

4 3 4 3 4 4 4

0 4 444 4 0 4
4 444 4 0 4 4- 4 0

s :
a' - .

o 4 Ii 4

& 4- 4 4- 4- 4

4.4.4 4 4~:
1* 0 4 4z 4

.4 044.4 4 4

a 4 4 4,

44 S 4

0 0 4

0 004 4 4 4
.4444 4 0* 4 0* 4 0 4

0 0 4 .444 4 444.4 4 - 4

4'. .1 0 4 444 4 Z 4 3 4 0
0 4 4

4 4 4 4
4 4 4 . 4

* 4 445 0 4
0 4 - 4 - 4

4 4 :1 *000 4
.4 4 A . ~ .8I ~S ~' 3 i.4j 431.444 4 4

-~u.. - .44

~44 :~~1I~ 44.4

- 4 - 4
4,- 4 4 44 4 0 4
44 -4

44 .4 4 4 4 4
* 0 4 ~4 4 .4 4 0 4 .4 4S

0 4
~14 I I = 4

S
.4.44

44~

44

4~444

4d~4 75
S

4~4

44 4 *4444-* - - - 44~% ~--~ - - ~'



4.44.44.4

* ~0 * * ~0 a
* .4 .4.-. 44 - --

a 
- - -

- 40 4a
j 4 *. g ~ a ~ ~ 0

a 
-z a -. , a - -a ~ 0 0 ~ a,

.. ~

-4 
, ,

.4/-..

g

~' 8 8

444.4 
.4

a. 
- 44 

44- A* a a U
4~4~ 

a 4 1-
a * -

a. - - - --a a .~ 4 ~
- ~ ' --. .4 C

.4 .4 .4 - .4.

a,~ ~i ~
~(J

~ - * -0. 5 5 -~-4 - a.
~ Ca 4 4. a a

. 2~~ ~ a a -u4.. 
a. a. * - C -.4 

a.

4..*4. 
.4

g
444~** 

-
A ~-:44.4~ 

44 .41

- a *Z4 -
- 4. 4 to

a, a,..,.4 4, , 4-4 0
* , 4 0

4 04* ~:~:
.4.4 4 4 444

44 = , a.
C

4 4 , 
-

*4~.4.1~. a

*44 A

4 444- r 
4-44 

.4 4*4~4 

.44 -4* C 4

a.- a. =4.,
-. 4

.4. 4
* 

4

A

76

4..a-'
4 ~

-'~~.. ? ~ ~ .':..v./K:.~.:.4;.. c..~.4 - 4./a,~. . '~. 4' 4
4

4 4

4
04J.4J. 4 -- ~*4 -- a Cw"Jf

4 ~

4 .  
~ %ao'~ ~~4V~4/ '~ ~ P

~0 %a ~



K
0

= a a a C C C C C a * a a * *
0S 00 Ca Ca OS Ca C S CS C a CS 05 CSN... - N.4 N.a No N - N - N - N - N .N N

I *0. a. a. a. S. S. a. a. a. a. a. a. S.
~. - - S- 4a 40 40 45 4a Ca 4~ 4a C~ Ca Ca ~a CS

C
4

-. - - - - - - - n, N N

4* 5,
MaO N c4 - a- - N - 0 0 0 N - N

'a
S.

N
CAn

N -.

U:
A a a a a a

O Ma

4'. i [a-

U

~
* ~ .~ a a o - -a

* I : * -
- I I I S

o - a~
ja a. a* ~ a ~ I * ~

- I an - .4 5
- a *

C aW 2  2 S
u S . .. Q ~4aa S

* - - A A~A ~ MaN a, =a .1 - a a a a
A.
* ~ ai ~ a . . . * S S
- a~ ~ g ~ A g ~ a

anan an a a a a A A a a
A.~ * a

I
~ ~Sa aII

N 4 .
..a I a

4. I L~a~a

a 4- S~a

: at
CD

~ Ii:
a':

N "a

.4 La:
a a IA. a

* ~
i .:j~ a

4.,-

- 0

.~ ~::
o ~:

* A ~: U

a .~:

** I a a.

4,. 5

a 116
a

S
4 0 a~ A~

.5'-.

77
0

A. - 0 ~ ~..R ...O1.J~. ~ a. '~ ------.-----.--...-.-.- .. *. a.,.



''-5

- S .4 ,

p

'4'

- - - - 2 *~ 0

.5~* S S 0 S 0 0 0 0

A
'1.~ 0

* , I
N N 

I.

-' *0 5 o 0 U .1

-. * k .5' S -

0 0 0 ~ .4 -. .4 0

-. A: * *
* * .~ -

.4 0.
C ~ .~ .

0 0 .5 .4 -

0 . 0 U * 5.

5% IS I. ~ . S *

9. ,. 0~ 0

' ~. ~0 0

Si..5 5  
.4 8

9 9

~0*~. I-

e &~-: :
N .-. S

A

5~54*

.J.SLI 0

0~
*0*

<SW. - S

0 0,-SI S N

5' - 0 5 .4

a....

5. .4

C, I 5

0 I U
* 5.

*05 , ,
5. 5 'No0.4 a

4 0 t C , S

I

~5 50

5-.--

0 78

5,'..

9 ~ 959~5, *S~,5 509~~ 9..... .~ 555959 SS~~5 9 5*~,' ~ ~



a :. 3 .a

-~1 2 . -0 .; .. . 3 3

.5., 04 -- 0

~~~5%s s 000- - - 3- 4

0

S I

* 5,C

.31 
5 4 *

ORI



4. ,,,

• " : ; :- : :. _ .

.3,,

3.'.* I .. -
•I

4 - 3 - - 3b

• 80



I

~0.a

.88 0 888 0 888 N fl
81 ~ - - - ~88 * -

Ra I
~8. a 0. a

0 8 8~ 888 888 .8 888 .8 .8

4 0 C .8 0 0

*'88 4.

8888 B

888 8~ 888

4 1

84~

C. I
*1 ~ .~ ~

4.8 -8 .88 .8 .8

I 1 ~
.1 0 ~a Q a

La Ia

S a a I

~

8818

U .848 38880

0 88 ~a8 B
4 a

.8 B

* B.8
.818 .80

* 88 52

* i~8

48

8) 0 a 0a

* 888.88

I
J~-8

U

I
*

j

* 4 80

a

81
I

_ >~81......- - 88 - 8 88

- 88 88.................88 88 88 88 88 88
88, ~ 8888 88 88888~~4 88 88 88 88

88 8888 Ap,..



("SENsitive to CARcinogenicity") strain was used in the tumor promotion
protocol (protocol No. 22) and the CD-I strain was applied in the tumor
initiation study (protocol No. 23).

No. of Mice/Group: In protocol No. 9, No. 10, No. 12, No. 21, and
No. 22, dose groups consist of 25 to 65 male and female mice per group.
For protocol No. 11, No. 13, and No. 14, a random group of 40 or 100
mice (including both sexes) were used per dose level. In protocol
No. 15, No. 16, No. 17, No. 19, No. 20, and No. 23, the dose group only
consists of male mice (20 to 50 per group). The number of mice per
dose group for protocol No. 18 was not mentioned in the literature.
Obviously, the choice of number and sex of mice is very inconsistent.
However, the protocols with 25 male and female mice per dose group may

be more optimal since the tumorigenicity response to each sex is often
reported to be different and the tumorigenicity data for 50 mice
(total) per dose group is sufficient to describe the tumorigenicity of
most test materials.

Dose and Number of Applications: In these complete tumorigenicity
protocols, a sample volume (neat or diiuted) of 50 pL has been often
used. The application of a "brushful" dose (in protocols No. 13 and
No. 19) is clearly not a quantitative method. Since the SENCAR mouse
is larger than other strains of mice (such as C3Hf/Bd), a larger volume
(200 aL) of test material was used in the tumor promotion protocol
(protocol No. 22). In all cases a test material was applied to the
shaved dorsal skin of the animal two or three times a week. That means
that both two and three times per week application protocols are
appropri ate.

Application Duration: The duration of these complete tumorigenicity
protocols ranged from ?5 weeks to lifetime. The lifespan of C3H mice
is about 30 months. The tumorigenicity response of test materials is
'E-cognized to have a direct correlation with the activities and
concentrations of tumorigens in those samples. That means, if the test
sample is a very strong tumorigen (such as high-boiling range fractions
of crude coal-derived oils), six months would be a sufficient time to
develop tumors. If the test sample is highly refined, then a lifetime
period of application is needed in order to describe a very low tumor
incidence. Based on the usefulness and completeness of tumorigenicity
testing, a lifetime test may be a necessary approach for detecting any

* potentially tumorigenic fossil fuel materials, especially highly
refined mobility fuels.

.-mple Concentration and Solvent: Samples were applied to groups of
nice in doses generally varying by factors of 2 or 10 (e.g., 100%, 50%,
and 25; or 50%, 5%, and 0.5%; or 8%, 4%, and 1%). In many protocols

0 listed in Table A-3, only one dose level (100%) was applied. Since
data or the dose-response relationship is needed for determining the
limit of the tumorigenic threshold for a sample, a definitive bioassay

protocol would require three or four dose levels. Acetone and
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acetone/cyclohexane (7/3) have been used as solvents. Acetone has been
used the most frequently. It causes minimum skin irritation and has no
detectable tumorigenic response. Dilutions with cyclohexane have been
useful to improve solubility characteristics for some samples.

Sample Type and Tumorigenicity Result: The main purpose of this study
is to evaluate the experimental protocols, therefore, only a few
representative fossil fuel materials were chosen for Table A-3. Those
test samples cover very broad caLegories including crude, distilled,
and refined materials derived from petroleum, oil shale, coal, or tar
sands. Because the protocol variables (such as strain and dosing
protocol) and the test materials are so different from protocol to
protocol, the tumorigenicity data from these tests cannot be readily
compared. However, several important observations can be made.

1. Some test materials derived from petroleum, oil shale, coal, or4 tar sands can produce very highly tumorigenic responses in the
mouse dermal tumorigenicity assay.

2. Despite different fossil fuel origins, the extensive upgrading and
refining necessary to produce finished fuel products greatly
decreases, and in some cases almost eliminates, the tumorigenicity
which was exhibited by the crude fuels. In other words, there is
no general indication that finished fuels derived from synthetic
or alternate sources are more tumorigenic than those derived from

petroleum.

3. Similarly, despite the different fuel origins, high boiling range
* fractions (> ca. 650'F/343°C) always are more tumorigenic than low

boiling range fractions.

Comments

The results of this protocol review indicate that for complete
tumorigenicity tests of highly refined fuels, a lifetime bioassay with
multiple dose levels is needed. The highest dose should be with the
neat (100% concentration) fuel. A candidate protocol can be described
as follows: Groups of 25 female and 25 male inbred Specific Pathogen
Free C3Hf/Bd mice are assigned to test groups at 10-11 weeks of age.
The animals are maintained five per cage. Each material is tested at
thiee doses (100% (neat), 50%, and 25%] by applying 50 pL of the
material to the shaved backs of the mice three times per week. Acetone
is used as the diluent to prepare the 50% and 25% test dosage. Skin
painting continues for the lifetimes of the animals (ca. 26-30 months).
An attractive alternate strain is the SENCAR mouse, because of its
greater sensitivity to carcinogenesis. Although the volume applied is
greater than for the C3H mouse (200 pL vs 50 ML), tumor responses with
neat (100% concentration) DF can be substantial within 12 months of
treatment.

83

I~



Either strain appears useful for tumor promotion studies, in which a
single initiating dose of DMBA is followed by twice-weekly applications
of the fuel for ca. 52 weeks, including a high dose with the neat fuel.
The C3H strain requires a greater dose of initiator than does the
SENCAR strain (ca. < 200 Ag vs 2.52 jig DMBA). As for the complete
tumorigenicity assay, multiple dose levels are employed to determine
the dose-response relationship.

84

01

;'-

0"

~84

0



14

0

w 4J

www
u- w

AD 0

-14

5' 
8 5



00

-0

0

4

0

u
C4

00
to V.)

En

-- 44 -

0- 0

woo V
U-6

0 00

0r 4

0 86

%0



a

0

z0 w
OD4

00

ULU
00

00

z LA-

UU
0

Id4

z 0)

0

0 0

0% 00

'I

d d. 
u

z z C4

Cl) "-, U)

87'



0PlI-OWG8 1599.

j15 NO 4616 WPAFB OFM

n-C

3- e6 C

nn-C
1

NO 1914 C0D REFEREE CF-2

Z" 1
0

OF - 2FROM CIO

NO 1910 PHIILLIPS REFERENCE CF-2

% 20 40 60
TIME nn

0Figure A-4. Comparison of the Major Organic Compounds in the Inhalable
Volatiles from Several Petroleum-Derived Diesel Fuels
(For GC conditions, see Figure 13.)

88

S%

f-C ... 'Z.P'M k



ORNL-DWG 85-45990R

NO. 4610 PARAHO/SOHIO DFM

%~ft,

ft..

ftpL

0~2 40 60u I~ .

NO.E 481(m KNEiSn)TCHD-

Figre -5.Comarion f te MjorOLgEncCmonsiEh naal

Voaie rmTw hl i-eivdDee ul

(FrGfcniios eeF.re1.

-- '(89

* ftpV

ft..,



S

References

A-I. M. R. Guerin, W. H. Griest, C. -h. Ho, L. H. Smith, and H. P.

Witschi, "Integrated Report on the Toxicological Mitigation

of Coal Liquids by Hydrotreatment and Other Processes,"
ORNL/TM-10070, Oak Ridge National Laboratory, Oak Ridge, TN

37831, pp. 29-42, June, 1986.

A-2. T. W. Schultz, H. Witschi, L. H. Smith, W. M. Haschek, J. M.

Holland, J. L. Epler, R. J. M. Fry, T. K. Rao, F. W. Larimer,
and J. N. Dumont, "Health Effects Research in Oil Shale

Development," ORNL/TM-8034, oak Ridge National Laboratory,
Oak Ridge, TN 37831, pp. 46-56, November, 1981.

A-3. T. J. Slaga, L. L. Triplett, and R. J. M. Fry, "Chemical
Characterization and Toxicologic Evaluation of Airborne

Mixtures. Tumorigenicity Studies of Diesel Fuel-2, Red Smoke

Dye and Violet Smoke Dyes in the SENCAR Mouse Skin
Tumorigenesis Bioassay System," ORNL/TM-9752, Oak Ridge

National Laboratory, Oak Ridge, TN 37831, pp. 11-19,
September, 1985.

A-4. W. H. Griest, J. M. Giddings, and J. A. Klein, "Effects of
Hydrotreatment on the Properties of Coal-Derived Liquid
Products: A Status Report," ORNL/TM-8836, Oak Ridge National
Laboratory, Oak Ridge, TN 37831, pp. 58-64, August, 1983.

A-5. N. B. Munro, D. M. DeMarini, J. N. Dumont, W. C. Dunn, J. L.
Epler. W. M. Generoso, M. E. Goad, W. M. Haschek, J. M.

Holland. and A. W. Hsie, "Toxicological Evaluation of
Materials from the H-Coal Pilot Plant," ORNL/TM-9197, Oak
Ridge tational Laboratory, Oak Ridge, TN 37831, pp. 21-35,

February, 1985.

A-6. J. L. Epler, R. J. M. Fry, F. W. Larimer, T. K. Rao, J. N.
Dumont, T. W. Schultz, A. W. Hsie, H. Witschi, L. H. Smith,
W. M. Haschek, and J. M. Holland, "Health Effects Research in
Direct Coal Liquefaction Studies of H-Coal Distillates:
Phase I, PDV Samples - The Effects of Hydrotreatment,"

ORNL/TM-8071, Oak Ridge National Laboratory, Oak Ridge, TN
*37831, pp. 27-32, November, 1981.

A-7. J. M. Holland, L. C. Gipson, M. J. Whitaker, and T. J.
Stephens, "Chronic Dermal Toxicity of Paraho Shale Oil and
Distillates," W. H. Criest, M. R. Guerin, and D. L. Coffin,
Eds., Health Effects Investigation of Oil Shale Development,

* Ann Arbor Science Publishers, Inc., pp. 97-116, 1981.

A-8. L. M. Holland, J. S. Wilson, and M. E. Foreman, "Comparative

Dermotoxicity of Shale Oils," W. H. Griest, M. R. Guerin, and
-e.. D. L. Coffin, Eds., Health Effects Investigation of Oil Shale

Development, Ann Arbor Science Publishers, Inc., pp. 117-122,
9 i981.

90

0
• % 2%L 7, 4-



References (Cont'd)

A-9. J. L. Epler, R. J. M. Fry, T. K. Rao, F. W. Larimer, J. N.
Dumont, T. W. Schultz, L. B. Russell, W. M. Generoso, H.
Witschi, L. H. Smith, W. M. Haschek, and J. M. Holland,
"Biomedical Response to Products and Effluents from the
University of Minnesota-Duluth Gasifier," ORNL/TM-8821, Oak
Ridge National Laboratory, Oak Ridge, TN 37831, pp. 45-49,
September, 1983.

A-10. J. M. Holland, R. 0. Rahn, L. H. Smith, B. R. Clark, S. S.
Chang, and T. J. Stephens, "Skin Carcinogenicity of Synthetic
and Natural Petroleums," J. Occup. Med. 21(9), 615-618, 1979.

A-lI. J. M. Holland, F. W. Larimer, T. K. Rao, J. L. Epler, C.-h.
Ho, M. V. Buchanan, and M. R. Guerin, "The Distribution of
Dermal Tumorigens in Coal Liquids: Relationship of
Tumorigenicity and Microbial Mutagenicity," J. Appl. Toxicol.
4(3), 117-123, 1984.

A-12. R. A. Renne, L. G. Smith, and D. D. Mahlum, "Epidermal
Carcinogenicity of Some Crude Fossil Fuels in Mice: A

4 Preliminary Report," in Coal Conversion and the
Environment, D. D. Mahlum, R. H. Cray, and W. D. Felix, Eds.,
Technical Information Center, U.S. Department of Energy, DOE
Symposium Series 54, 471 (1981).

A-13. R. M. Coomes and K. A. Hazer, "Statistical Analyses of Crude
Oil and Shale Oil Carcinogenic Test Data," in Advances in
Modern Environmental Toxicology, M. Mehlman, Ed., Princeton
Science Publishers, Princeton, NJ, Vol. 6, 167 (1984).

A-14. C. A. Reilly, Jr., K. E. Wilzbach, J. R. Stetter, D. A.
Haugen, F. R. Krichner, V. C. Stamoudis, M. J. Peak, T.
Matsushita, A. S. Boparai, and R. E. Jones, "Synfuels

9. Environmental Research Program for High-Btu Coal
Gasification: Health Effects Summary Report," ANL/SER-7,
Argonne National Laboratory, Argonne, IL (October, 1986).

A-15. C. C. Twert and H. R. Ing, "Untersuchung ueber

* Krebserzeugende Agentien," Ztschr. f. Krebsforsch. 21, 308

(1928).

A-16. P.A. Bogovski and F. Vinkmann, "Carcinogenicity of Oil Shale
Tars, Some of Their Components, and Commercial Prod, cts,"
Environ. Health Perspect. 30, 165 (1979).

I
A-17. E. Bingham, A. W. Horton, and R. Tye, "The Carcinogenic

Potency of Certain Oils," Arch. Environ. Health 10 449
(1965).

I

* 91

%



References (Cont'd)

A-18. E. Bingham and W. Barkley, "Bioassay of Complex Mixtures

Derived from Fossil Fuels," Environ. Health Perspect. 30, 157

(1979).

A-19. S. C. Lewis, R. W. King, S. T. Cragg, and D. W. Hillman,

"Skin Carcinogenic Potential of Petroleum Hydrocarbons:

Crude Oil, Distillate Fractions and Chemical Class

Subfractions," in Advances in Modern Environmental

Toxicology, M. A. Mahlum, Ed., Princeton Science Publishers,

Princeton, NJ, Vol. 6, 139 (1984).

A-20. S. T. Cragg, C. C. Conaway, and J. A. MacGregor, "Lack of

Concordance of the Salmonella/Microsome Assay with the Mouse

Dermal Carcinogenesis Bioassay for Complex Petroleum

Hydrccarbon Mixtures," Fund. Appl. Toxicol. 5, 382 (1985).

A-21. C. S. Weil and N. I. Condra, "The Hazards to Health in the

Hydrogenation of Coal. II. Carcinogenic Effect of Materials

on the Skin of Mice," Arch. Environ. Health 1, 187 (1960).

A-22. R. H. McKee, W. A. Stubblefield, S. C. Lewis, R. A. Scala,

G. S. Simon, and L. R. DePass, "Evaluation of the Dermal
Carcinogenic Potential of Tar Sands, Bitumen-Derived
Liquids," Fund. Appl. Toxicol. 7, 228 (1986).

A-23. International Research and Development Corporation, "Two Year

Skin Painting Study in Mice with First Stage Middle
Distillate (SRC)," IRDC, Mattawan, MI, Vol. 1 of 12
(February, 1987).

.X- 2A. International Research and Development Corporation, "Two Year
Skin Painting Study in Mice with Second Stage Middle

Distillate (TSL)," IRDC, Mattawan, MI, Vol. 1 of 11
(February, 1987).

A-25. C.-h. Ho, W. H. Griest, L. H. Smith, H. P. Witschi, and M. R.

Guerin, "Comparison of Tumor Promotion and Complete
Tumorigenicity of Upgraded Petroleum, H-Coal, and Other
Synthetic Fuel Products," DOE-FE/ORNL Alternative Methods in

Refining Coal-Derived Liquids: Toxicology Mitigation,

Topical Report No. 11, Oak Ridge National Laboratory, Oak

Ridge, TN (August, 1987).

A-26. D. D. Mahlum, "Skin-tumor Initiation Activity of Coal Liquids

* •with Different Boiling-point Ranges," J. Appl. Toxicol. 3(5),

254 (1983).

92

.-

L6 At F% 21M



DISTRIBUTION LIST

No. of Copies

Defense Technical Information Center 12
ATTN: DTIC-DDA

, Cameron Station

Alexandria, VA 22314

Commander 25
U.S. Army Biomedical Research and
Development Laboratory

ATTN: SGRD-UBZ-C
Fort Detrick, Frederick, MD 21701-5010

Commander

U.S. Army Medical Research and
Development Command

ATTN: SGRD-RMI-S

-O Fort Detrick, Frederick, MD 21701-5012

Dean
School of Medicine
Uniformed Services University of the
Health Sciences

4301 Jones Bridge Road
Bethesda, MD 20814-4799

Commandant
Academy of Health Sciences, U.S. Army
ATTN: AHS-CDM
Fort Sam Houston, TX 78234-6100

Commander

U.S. Army Environmental Hygiene Agency
ATTN: HSHD-AD-L (Librarian)
Aberdeen Proving Ground, MD 21010

Commander 10

U.S. Army Belvoir Research, Development
and Engineering Center

ATTN: STRBE-VF
Fort Belvoir, VA 22060-5606

0 Mr. Gary Webster 5
Fuels and Lubricants Laboratory

National Research Council
Building M9
Montreal Road
Ottawa, Canada KIA OR6

93

0e

~% %



V

Distribution List (Cont'd)

No. of Copies

Mr. E. R. G. Moore
Suncor, Inc.
P. 0. Box 38
500 4th Avenue SW
Calgary, Alberta, Canada T2P 2V5

4Central Research Library
Bldg. 4500N

4 Oak Ridge National Laboratory
P. 0. Box 2008

* *Oak Ridge, TN 37831-6286

Document Reference Section
Bldg. 9711-1
Oak Ridge National Laboratory

P. 0. Box 2009
Oak Ridge, TN 37831

T. M. Gayle
* * Bldg. 4500S

Oak Ridge National Laboratory
P. 0. Box 2008
Oak Ridge, TN 37831-6120

W. H. Griest 10
Bldg. 4500S
Oak Ridge National Laboratory

P. 0. Box 2008
Oak Ridge, TN 37831-6120

M. R. Guerin 10
Bldg. 4500S
Oak Ridge National Laboratory
P. 0. Box 2008
Oak Ridge, TN 37831-6120

* C. E. Higgins

Bldg. 4500S
Oak Ridge National Laboratory
P. 0. Box 2008
Oak Ridge, TN 37831-6120

* R. H. llgner
Pldg. 4500S
Oak Ridge National Laooratory

P. 0. Box 2008
Oak Ridge, TN 37831-6120

94

lt.



Distribution List (Cont'd)

No. of Copies

R. A. Jenkins
Bldg. 4500S
Oak Ridge National Laboratory

P. 0. Box 2008
Oak Ridge, TN 37831-6120

Laboratory Records 3
Bldg. 4500N
Oak Ridge National Laboratory

P. 0. Box 2008
Oak Ridge, TN 37831-6285

Mr. J. A. Lenhard, Assistant Manager
Energy Research and Development
U.S. Department of Energy, Oak Ridge Operations
P. 0. Box 2002
Oak Ridge, TN 37831

J. H. Moneyhun
Bldg. 4500S
Oak Ridge National Laboratory

P. 0. Box 2008
Oak Ridge, TN 37831-6120

ORNL Patent Office

_*,.. 4500N

- Oak Ridge National Laboratory
P. 0. Box 2008
Oak Ridge, TN 37831-6258

-. B. A. Tomkins
Bldg. 2026
Oak Ridge National Laboratory
P. 0. Box 2008
Oak Ridge, TN 37831-6043

Technical Information Center 101
1- U.S. Department of Energy

Oak Ridge, TN 37831

For DOE/TIC 4500 distribution under UC-4 category.

' rU.S. GOVERNMENT PRINTING OFFICE 1988-548-118/80080

"

95


